Mast cells were enzymatically dissociated from human lung fragments that had been sensitized with serum from humans allergic to ragweed and were enriched by isopyknic and velocity gradient sedimentation . Electron microscope examination showed that the mast cells were well preserved at the end of the dissociation and isolation and that the majority of their secretory granules contained crystalline structures . These structures exhibited three patterns-scrolls, gratings, and lattices-which all could be found in the same granule. The period of crystalline structures was found to be bimodal, with maxima at 150 and 75 A. Both periods were observed in gratings that had been tilted and in scrolls that had been cut obliquely, indicating that the various gross patterns are composed of the same basic substructure . After the mast cells were stimulated by rabbit anti-human IgE to release histamine, the contents of the granule were transformed from a crystalline to an amorphous state, and only granules with amorphous contents were seen discharging from the cell. Clusters of intermediate filaments were present around the granules with amorphous contents, both deep in the cytoplasm and discharging at the cell surface . Discharge occurred both by fusion of granule membranes with the plasma membrane and by fusion of granule membranes with other granule membranes that ultimately were continuous with the plasma membrane . After discharge, the granule residue was fibrillar . Cells challenged with anti-human IgE in calcium-free medium neither released histamine nor demonstrated morphologic changes in their granules . We conclude that the crystalline state represents a storage form for materials that are solubilized before fusion of the granule membrane with the plasma membrane and discharge .
phases of solubilization (29, 42) . Human tissue mast cells exhibit a well-developed crystalline structure (11, 13, 21, 29, 44, 45) and afford the opportunity to examine the effect of IgE-dependent activation on this aspect of granule morphology. Furthermore, populations of dispersed human lung mast cells concentrated by sedimentation techniques (38) are suitable both in number of cells and in relative purity for a time-dependent ultrastructural analysis of the events following IgE-dependent activation .
MATERIALS AND METHODS
Chymopapain, collagenase type II, deoxyribonuclease type I (Worthington Biochemical Corp ., Freehold, N. J.) ; elastase type I, atropine sulfate (Sigma Chemical Co., St. Louis, Mo .) ; B grade pronase (Calbiochem-Behring Corp ., American Hoechst Corp., San Diego, Calif) ; gelatin (Difco Laboratories, Detroit, Mich .) ; histamine acid phosphate (Mann Research Labs, Inc., New York); minimal essential medium (MEM) (Grand Island Biological Co ., Grand Island, N. Y.); and metrizamide (Accurate Chemical Co ., Hicksville, N. Y.) were purchased from the manufacturers. Hartley strain guinea pigs weighing 250-350 g were purchased from Charles River Farms, Wilmington, Mass. Rabbit anti-human IgE, directed against purified Shackford IgE myeloma (35) , was heat-inactivated at 56°C for 30 min, precipitated in 40% ammonium sulfate, and subjected to immunoabsorption with IgE-free normal human serum coupled to Sepharose 4B by the cyanogen bromide method (1). The absorbed rabbit anti-IgE gave no precipitin lines upon immunoelectrophoresis with normal human serum but demonstrated anti-IgE activity by the line of identity obtained by radioimmunodiffusion against normal human serum and the IgE myeloma protein (25) .
Dispersion and Enrichment of Human Lung Mast Cells
Grossly normal lung tissue weighing 25-100 g, obtained during surgery for carcinoma, was dissected free of blood vessels, major airways, and pleura and then finely fragmented . These fragments were washed and incubated for 12-15 h at 25°C in MEM, pH 7.4, containing 1 mM EDTA and serum from humans allergic to ragweed at a final dilution of 1:5 . The incubation temperature was increased to 37°C during the final hour . The lung fragments were then washed three times in calcium-free Tyrode's buffer . Lung cells were dispersed by stirring the fragments gently at room temperature in Tyrode's buffer that contained pronase (2 mg/ml) and chymopapain (0 .5 mg/ml); 1 ml of dispersion solution per g of lung tissue was used . After 30 min, freed cells were separated by sieving through nylon bolting cloth with a pore size of 160 pm (Tetko Inc., Elmsford, N. Y.) and were washed by sedimentation at 100 g for 5 min at 25°C in Tyrodés buffer that contained gelatin (1 mg/ml) and deoxyribonuclease (0.01 mg/ml) and that lacked calcium ions (TGD). The undigested lung was transferred to another portion of the same dispersion mixture, and a second 30-min incubation was carried out, after which the freed cells were harvested. The remaining undigested lung was then transferred to Tyrodé s buffer that contained gelatin (1 mg/ml), collagenase (l mg/ml), elastase (10 U/ml), and deoxyribonuclease (0 .01 mg/ml) for a further 30-min incubation with cell collection ; this step was then 300 THE JOURNAL OF CELL BIOLOGY " VOLUME 85, 1980 repeated. The four samples of washed, dispersed cells were pooled, washed, and resuspended in TGD (17, 33, 38) . 2-ml portions of lung cells suspended in TGD were layered over each of 50-100 2-ml volumes of 23 .5% (wt/vol) metrizamide in TGD and centrifuged at 600 g for 15 min at 25°C. The mast cell-enriched fraction was aspirated from the buffer-metrizamide interface of each tube and washed by sedimentation at 100 g for 5 min at 25°C. 5 x 10'-3 x 108 cells from the preceding sedimentation were suspended in TGD, divided into 3-6 4-ml samples, and layered over an equal number of 35-ml linear gradients of 3-9% metrizamide in TGD. The gradients were centrifuged at 55 g for 12 min at 25°C . Cells were recovered in 4-ml fractions by sequential aspirations from the top. The purity of mast cell-enriched fractions from four separate lungs (38) ranged from 15 to 40%, as assessed in wet preparations stained with 0.1% toluidine blue in ethanol.
The mast cell-enriched suspension in Tyrode's buffer was apportioned into plastic tubes at concentrations of 1 x 108 mast cells/ml and preincubated for 5 min at 37°C . In four experiments, rabbit anti-human IgE was added at a final concentration of 1 :25 to 12 replicate tubes, and triplicates were incubated for 0, l, 3, or 5 min at 37°C. Additional triplicate tubes were incubated for 0 and 5 min in buffer alone. At each time point, the reaction in a single tube was terminated for transmission electron microscopy by the addition of an equal volume of fixative as describedbelow. Duplicate reactions to be assayed for histamine were terminated by the addition of three volumes of ice-cold, calcium-free Tyrode's buffer. The cells were sedimented by centrifugation at 100 g for 5 min at 4°C, and the supernates were separated by decanting .
Residual histamine was extracted from the cell pellets by sequentially freezing and thawing them six times in 1 ml Tyrode's buffer . The histamine from each supernate and residual cell extract was separately quantitated by bioassay with the guinea pig ileum (8) . The net percent of histamine release was calculated as [(stimulated release -unstimulated release)/(stimulated release + residual -unstimulated release)] x 100 and was then converted to the percent of net maximal histamine release for each experiment .
Preparation for Microscopy
Portions of intact lungs were fixed by the injection of 2-3 ml of cold (4°C) Karnovsky's aldehyde fixative (26) into the parenchyma. After 5 min, blocks were dissected from the lung, and aldehyde fixation was continued for an additional 20 min in vials. The blocks were then postfixed in acetate Veronal-buffered OsO, for 90 min at 4°C and stained in block in uranyl acetate for 2 h at 25°C (12) . 1 x 108 dissociated mast cells were fixed in suspension at 4°C by the addition of an equal volume of Karnovsky's aldehyde fixative (26) that contained 1% formaldehyde and 3% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, without calcium. After 15 min, the cells were pelleted in a Beckman Microfuge B (Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.) (2) . The pellets were removed from the tubes, postfixed, and stained in block as described above. Dehydration and Epon embedding of both tissue and pellets were routine. Cells were also fixed in 2% glutaraldehyde and 0.2% tannic acid in 0.1 M cacodylate buffer, pH 7.2, for l h at 4°C, with multiple changes of the fixative, postfixed with OsO, for l h at 4°C, and stained in block as described above (3).
Microscopy
Thick sections (0.2 pm) of both tissue and pellets were cut with glass knives and stained with azure II-methylene blue in sodium tetraborate. Pellets were cut from top to bottom, i .e ., in the plane of the long axis of the centrifuge tube, to evaluate the distribution of the cell populations . Thin sections with silver-gray interference colors were cut with a diamond knife, picked up on Formvar-carbon-coated grids, stained on grid for 4 min in uranyl acetate and l min in lead citrate (41) , and examined in a JEOL ItOC electron microscope operating at 60 or 80 kV . The microscope was calibrated with grating 1002 from Ernest F. Fullman, Inc., Schenectedy, N. Y.
RESULTS
Human mast cells subjected to aldehyde fixation for 10-15 min at 4°C are well preserved, whereas fixation overnight or at 25°C results in extraction of the cytoplasm and the granule matrix . Tannic acid fixation accentuates the intermediate filaments (3) . Aldehyde-and ferrocyanide-reduced osmium primary fixation (20) does not improve the morphology. Intact mast cells are located primarily in the lower third of the pellet, macrophages and various epithelial cells in the middle, and dead cells and cell fragments at the top . The mast cells in the pellet resemble the elongated cells seen in situ in freshly fixed lung, except that the dispersed isolated mast cells are round.
Unstimulated Cells
Mast cells have folds, 1-2 Am in length, distributed over their surfaces in patches ( Fig . 1) . A few cells have no surface folds . These folds are also seen in vacuoles in the cytoplasm just beneath the cell surface (Fig . 1) . The cytoplasm is dominated by the secretory granules (see below) . There are also many intermediate filaments, which average 83 A (n = 100) in diameter and are located in the perinuclear region ( Fig . 2) . A few thin filaments are present in the surface folds and under the plasma membrane, but they usually appear to be disorganized. The nucleus is eccentric, with the Golgi apparatus nearby . A few mitochondria, the centriole, and microtubules are located mainly in the central portion of the cell .
The secretory granules are surrounded by a perigranular membrane ( Fig . 2 ) that is often difficult to visualize . The contents of the granules have a variegated appearance but can be divided into two types-crystalline and amorphous ( Fig . 2 ) . Crystalline contents exhibit any of three basic patterns : (a) scrolls or whorls, which are the hallmark of this cell and which are seen in 60-80% of the granules (Figs . 1-3) ; (b) gratings, which are parallel, electron-dense lines separated by lucent areas and which are present in 10-30% of the granules (Fig . 4) ; and (c) lattices, which consist of two sets of parallel, electron-dense lines running in different directions, overlying one another, and which are observed in only 2% of the granules (Fig. 5 ) . All three patterns may be seen in the same granule (Fig. 5 ) . The scroll pattern may be formed by concentric circles (Fig. 3 a) or by one or more layers coiled inside one another ( Fig. 3 a) . When cut along their long axis, the scrolls appear as two fasciae of four or five electron-dense lines separated from one another by electron lucent spaces of approximately the same width as one of the fasciae (Fig . 3 b) . Measurements of the period, i.e ., the distance from the beginning of one electrondense line to the beginning of the next, of all three types of crystalline structure fall into a bimodal distribution, with maxima at -75 and 150 A ( Fig .   6 ) . To test whether these two periods exist in the same crystalline structure, specimens were tilted in the microscope over a range of ±35' with a eucentric goniometer. Crystals with grating patterns show 150 and 75 A periods at different tilt angles ( Fig . 4) . These two spacings are oriented in different directions and, therefore, must occur in the same crystal . In addition, scrolls cut obliquely have a short period oriented in a direction different from that of the long period ( Fig. 3 b) .
The second major type of granule content is amorphous ( Fig. 2) , even upon examination at high magnification (50,000) and tilting of the section. Granules with amorphous contents make up only 5-10% of the total and are larger, averaging 1 Am in diameter (n = 50) than the crystalline granules, which average 0 .5 Am in diameter (n = 50) (Figs . 1 and 2) . In addition, these granules often have a saccule composed of a double membrane ring, which extends partially or completely around the outside of the granule membrane ( Fig .  2) . This saccule contains a cisternal space and is flattened along the contour of the granule (Fig . 2 ) .
Anti-IgE Stimulated Secretion
Significant alterations are seen in the crystalline content morphology during the first 3 min after stimulation . With IgE-dependent stimulation of histamine release (Fig . 7) , the I-and 3-min specimens show a general breakdown of the structure of the crystalline matrix, with the appearance of electron-dense clumps in the center of the scrolls and throughout the matrix of those granules with a lattice or grating pattern (Fig . 8) . In some cells, there is a further loss of crystalline structure, and CAULFIELD ET AL .
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FIGURE 1
Low power view of a mast cell dissociated from human lung . Surface folds (f) are absent from some areas (small arrowheads) . Some folds appear to have been endocytosed (large arrowhead) . The cytoplasm is dominated by the secretory granules . most of which contain crystalline scrolls (c). One appears to have amorphous contents (a). Nucleus (n). The tissue was fixed in aldehydes at 4°C, postfixed in OsO,, and stained in block with uranyl acetate and on grid with uranyl acetate and lead citrate. x 13,000 . electron-dense clumps appear to form a reticulum ( Fig . 9 ) . Less commonly, in other cells, the entire center of the granule is seen as an amorphous, electron-dense mass (Fig. 10) . The net result of these changes in granules with crystalline contents is that there is an increase in the number of granules with amorphous contents in the cell (Fig .  11) , some of which have perigranular saccular THE JOURNAL OF CELL BIOLOGY " VOLUME óS, 1980 structures associated with them ( Figs. I 1 and 12 ). The membrane of many of these granules appears to be in contact with intermediate filaments (Figs.  11 and l2 ). In tangential section, the filaments surround the granule in clusters that often are arranged in parallel ( Figs. 11, 12c, and 12d) . In normal section, the filaments appear to touch the perigranular membrane ( Figs. 12 a and 12 b ) . Mast cells are seen discharging granules from the surface of the cell by 1 min after stimulation, and, by 3 min, this discharge is marked, with minimal further increase occurring after 5 min. Only granules with amorphous contents are seen discharging ( Figs. 11 and 13 ). The granules discharge by fusing either with the plasma membrane (Figs. 11 and 13) or with other granule membranes to form deep channels or labyrinths composed of the interconnected membranes of discharged granules within the cell (Fig. 14) . After discharge, the granule residue is fibrillar ( Figs. 13 and 14 ). The granules have intermediate filaments associated with their perigranular membranes throughout exocytosis ( Figs. 11 and 13 ). The surface membrane of cells containing labyrinths has more and longer extensions than the normal cell, and very few granules with crystalline contents are seen within the cytoplasm (Fig. 14) . None of these changes is seen in cells challenged with anti-IgE in the absence of extracellular calcium; under these circumstances, there is no induced net histamine release. Histogram of the distribution of the measurements of the period, or repeat distances, in scrolls and gratings . The distribution is bimodal and is skewed around the maxima, which occur at -V75 and 150 f1 . Lines were measured in 40 cells.
DISCUSSION
Mast cells dissociated from human lung are morphologically well preserved and resemble closely mast cells seen in intact human lung (7, 43) , intestine (11, 29) , corneal limbus (21) , gingiva (45) , and skin (6, 9, 13, 14, 18, 19, 27, 28, 44) . Resting or unstimulated dispersed mast cells are characterized by granules with crystalline contents that contain three patterns-scrolls, gratings, and lattices-which can coexist within the same granule Granules from a mast cell 3 min after exposure to anti-IgE. The crystalline structure has largely been lost in most granules, and electron-dense material forms a reticular pattern (arrowheads) . An amorphous granule (a) is seen at the lower right. Tissue preparation was as described in Fig. 1 . x 68,000.
FIGURE 10
Granules from a mast cell 5 min after exposure to anti-IgE . Several granules contain a large amorphous mass (á) forming in the center of the crystalline patterns . Tissue preparation as described in Fig. 1 . x 72,000. (11, 21, 29, 45) . Other investigators have measured the periods or repeat distances in these structures in tissue mast cells and have described either two periods (11, 28) or a single period (9, 13, 14, 19, 21, 43, 45) . These authors have not given a distribution for their measurements . Because of the bimodal distribution of the periods, and because two different periods can be seen in a single grating or in scrolls cut obliquely (11), we believe that there are two periods, which represent different views of the same basic crystalline structure, which, in turn, makes up all three patterns of crystals seen within the granule. The diversity in the absolute values of the reported periodicity measurements, i .e ., 60-75 and 120-150 %1, is in all probability due to the variety of methods of fixation. The chemical nature of the crystalline structure is unknown; but because of the large size of the two periods, it is most likely proteinaceous . In addition to the granules with crystalline contents, the unstimulated cell also contains a few granules with amorphous contents . These granules are distinct from the crystalline granules because they contain no internal structure, but they presumably contain the same material that is seen in the crystalline granules because transformation from crystalline to amorphous contents in the stimulated cell is observed . Their functional relevance in the resting mast cell is unclear . They might represent newly synthesized granules, analogous to condensing vacuoles in pancreatic acinar cells (22, 23) , or they may be a population of granules that is available for more rapid discharge . The crystalline structure possibly represents a highly concentrated form of granule content, which would be in keeping with data obtained from isolated rat mast cell granules that indicate strong ionic interactions between heparin, histamine, and the cationic protein chymase (5, (30) (31) (32) 46) . Ionic interactions between granule molecules have also been invoked to explain the condensation of proteins that occurs during protein synthe-CAULFIELD ET AL . 30 7 308 THE JOURNAL OF CELL BIOLOGY " VOLUME óS, 1980 FIGURE 13 High power view of granules discharging from the surface of mast cell stimulated with anti-IgE 3 min before fixation . The granules on the right and left contain no crystalline structure. The residue of the granule in the center is fibrillar (see also Fig. 14) . Intermediate filaments are seen around all three granules, particularly in the areas marked by arrowheads . Tissue preparation was as described in Fig. 1 . x 49,000 . sir when the proteins move from the Golgi apparatus to the zymogen granules in the guinea pig pancreas (22, 23, 39, 40) . Finally, the suggestion that the crystalline human mast cell granule contents are a storage form is supported by the transformation of these contents to the amorphous form before discharge.
Secretion in Dissociated Human Pulmonary Mast Cells
Stimulated or activated mast cells are altered in three ways . Firstly, the crystalline contents become amorphous. Secondly, only the granules with amorphous contents discharge, leaving a fibrillar residue in the granule lumen. Thirdly, intermedi-ate filaments cluster around the granules with amorphous contents whether they are located deep in the cytoplasm or are discharging from the cell surface. The transformation of the granule content from the crystalline to the amorphous state suggests that at least partial solubilization of the granule contents is occurring before discharge. Furthermore, the increase in diameter of the amorphous granules is consistent with the increase in osmotic pressure in the granule that would result from solubilization. Comparable observations have not been made in other secretory systems and FIGURE 11 Mast cell stimulated with anti-IgE 3 min before fixation . Four granules with amorphous contents can be seen . One (a,) is surrounded by a double membrane similar to the saccules shown in Fig.  2 . Two others (a2 and a;3) are surrounded by clusters of intermediate filaments. The fourth (aa) is bulging from the cell surface, and the perigranular and plasma membranes are nearly fused. Nucleus (n). Tissue preparation was as described in Fig. l . x 75,000 . Mast cell 5 min after stimulation with anti-IgE . The surface folds (.Í) are much longer than in the unstimulated cell (see Fig. 1 ) . The cytoplasm is filled by dilated vacuolar spaces (v) that communicate with the extracellular space in several places (large arrowheads) . Most of the granules remaining in the cytoplasm have amorphous contents (a), and some of these (a,, a2, and 413) appear to be about to discharge into the vacuolar spaces next to them . Nucleus (n). Tissue preparation was as described in Fig. 1 . x 12,000 . are only possible here because of the crystalline nature of the granule content in the unstimulated mast cells. The mechanism of solubilization is not clear, but the lack of transformation in the absence of calcium suggests a role for that cation early in secretion.
Discharge or exocytosis establishes contact be-THE JOURNAL OF CELL BIOLOGY " VOLUME 85, 1980 tween the granule contents and the extracellular space (37) . The morphology of discharge in the human lung mast cell is similar to that seen in most other stimulus-release types of cells (37) , except that there is extensive fusion of granule membranes with one another to produce channels of granules connected with one another and to the surface. This process also occurs in the rat mast cell (29, 42) . After discharge, granule content molecules presumably dissociate from one another by ion exchange with the surrounding medium . This mechanism has been suggested for rat mast cells. In this case, histamine and heparin, measured after salt solubilization of discharged granules, appear in the medium in stoichiometric ratios after immunologic challenge (47) . The fibrillar residues seen at the end of discharge presumably are granule contents that are partially or completely insoluble in the experimental medium. The elongation of the surface folds seen after discharge is similar to that seen in the rat mast cell (10) . The intermediate filaments are seen in contact with the membrane of amorphous granules located both deep in the cytoplasm and at the cell surface where discharge is occurring. The fact that intermediate filaments are seen around the discharging granules is particularly important because these filaments are ordinarily located in the central perinuclear regions of the cell, and because the subcortical portion of the cell is characteristically occupied by a feltwork of disrupted thin filaments (15, 16) . This translocation of the intermediate filaments suggests that they have become associated with the granule membrane and have been moved to the surface along with the granule, perhaps through an interaction between the subcortical thin filaments and the perigranular intermediate filaments. Intermediate filaments have also been associated with the movement of pigment granules in melanocytes in human (24) and frog skin (34) .
Most of the previous studies on secretion in human mast cells have been conducted on skin nodules from biopsy samples of patients with urticaria pigmentosa (14, 18, 27) . These nodules, which contain large numbers of mast cells that degranulate upon tactile stimulation, were removed by punch biopsy after stimulation and processed for microscopy . Other studies have been performed on skin obtained by biopsy from a patient with diffuse mastocytosis (36), on nasal and bronchial biopsy cells (43) , and on isolated adenoid cells stimulated with calcium ionophore A23187 (4). Several of these analyses utilized primary OS04 fixation (14, 18, 36) , or long periods (hours) of fixation in glutaraldehyde, both of which have resulted in cells with an extracted and distorted cytoplasm. In unstimulated cells, all authors agree that most of the granules are crystalline but regard the amorphous granules as lipid drop-lets (4, 11, 18, 43) . In stimulated cells, several authors noted a loss of crystalline structure (18, 27, 43) , but some regard this as regranulation (27) rather than transformation. Others noticed filaments around the granules but generally considered them to be microfilaments (4, 43) . Granules with crystalline contents seen outside the cell (18, 27, 43) are regarded as discharged, but no consideration is given to the possibility that they could result from the punch biopsy technique. One group recognized discharging granules with amorphous contents but did not relate them to the crystalline granules (4) . Finally, labyrinth formation was generally noted.
